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SUMMARY

The obJectives were to measure the changes in crystallization rate (the
primary objective), morphology and melting temperature of strain-crystallized
polymers and to examine their origin(s) by comparing the results with various
theozx—tf.cal predictions.

'~ Bsults fram experimental studies of strain-crystalllized polyethylenes,
prepared in a simple shear couette rhecmeter, indicate a substantial increase in

nucleation rate, a.decrease in long period, as well as an increase :Ln malting

| tmpera.ture with i.ncreasi.ng shear. The changes appear to have the sane .

thermodynamic origin in theﬁrednct_ion of the amount of melt entropy, AS', Just
prior to crystallization according to a strain-induced crystallization theary

by Yeh and Hong. Consequently from the measured nucleation rate -one can predict
vhat the decreasse in long period or the increase in melting temperature should be
for a given.strain-crystmizéd polyethylene. Fc;r exsmple, the measured melting
temperatures are indeed shown to be comparable to those predicted from nucleatica
rate measurements.

Among other s'ifgniﬁ.cant findings are (1) higher molecular weight ephances
the rate of strain-induced crystallization, in contrast .to the usual retardation
effect found under simple supercéolings and (2) the degree of c-axis orientation
for strain-induced crystallites is always high (fc 2 0.8) when and if theybtorn
under shear. On the other hand, if shear-induced érysta.llization does not occur
during shearing the oriented crystallites formed under simple supercoo].i.ng'

conditions have comparatively low degree of c-axis orienmtetion (f 0.2).
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TECHNICAL REPORT

KINETICS OF STRAIN-INDUCED CRYSTALLIZATION
OF POLYMERS DURING FLOW
Previously we have demonstrated that a simple sh»ar field couette rhecmeter
can be used to obtain nucleation induction times ti[l] of stz;a.i.n-ind\wed
crystallites (SIC) and information sbout their nuclestion rates N-2). The
same couette rheometer was used to prepare numercus polyethylenes sheared at

various teinpera.tms and then quenched in ice water. Effects of shear rate ¥

"_and shearing temperature T, on N (in serms of t,), morphology (primarily in

terms of c-exis orientation »fc and long period L) and melting temperature T
were examined in detail. Extensive induction times were obtained on two different
molecular weight polyethylenes to establish what effect, if any, molecular

weight has on the macleation rates of SIC.

Induction Time Analyses
First we were able to again confirm that the onset of an increase in.shear

force vs. time is an excellent indication of SIC (Fig. 1). For example, samples
prepared at 135°C. show an induction time while’those prepared at the same

shear rate at 140°, 1L45° and 150° C. which 4o not strain-crystallize at such

small supercoolings, do not show induction times. Melting temperature studies

also confirm the absence of SIC crystallites in these Non-SIC samples with no
induction times. WAXS studies, to be shown below, indicate that Non-SIC semples
have much lower c-axis orientation (fc = 0.2) than SIC samples which show induction
times (fc 2 0.8). This .:I.'a an important finding in the case for shear-induced .
‘erystallization because for years nany researchers believed that SIC crystallites,
especially those formed by shegr, could have a much wider range of f o

NE)

orientations because of the proposed row-nucleation mode « This vievw has

remained until now in spite of the fact that numerous experimental findings on
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SIC from elongational strains have indicated othervise[hl.

Analyses of induction times from pumerous preparations (Figs. 2 and 3)
all indicate that they follow an empirical equation 1/1:1 = Ai7-exp(ziln'1').
The parameters Ay and Ei depend greatly upon coleculsr weight (Teble 1).
However they are independent of shear rate azxd texperature for SIC. Compared
to thermally-induced crystallizationt®) the a;'s ere several orders larger
and the E,'s several times smaller. Since l/ti = A Y eq(!.’.DIR‘I)exp(-AF./RE),

the variations in t, with molecular weight indicate (1) that the SIC nucleation

i
rate increases with molecular weight, in contrast to thamal}.y—induced‘c:ry!--.
tallization where increasing molecular weight dscreases tie TIC muclestion rate
and (2) that the origin of nuclestion rate incresse is primarily emtropic,.
caused by a reduction in melt entropy, ASY, which is contained in the gipresszl-.on&

AF'EZ].A According to our thec:y[al, AS' is responsible for changes in

for
nucleation rate, long period and melting temperature. Consequently one can show
that from the known constants A; and E; (Table 1) we cen predict the enhancements
of nucleation-rate N°/N (N® and N being the nucleation rstes for SIC and TIC
respectively) by equation 1, the equilibrium meliirnz temperature Tm" for SIC

by equation 2, end the critical nucleus thickuess 1 .° by equation 3 for & given

molecular weight polyethylene.

° A. . A c .
L. iy exp[ (E,;°-E,)/RT] = 2 o yem (a3, /A7) | (1)
3 !
11 1 A .. LE
b byl S (1 +1a¢ +2y1 T Lan (g
m Af 4b°asoe Ai RT
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The three equations were derived on the assumption that the SIC process is

heterogeneous. Otherwise another set of equations can be derived.

Morphological Studies

From WAXS ve were able to obtain orientation functions £,, f, and £, for
both SIC and Non-SIC samples. All SIC samples are found to have relatively
high f_ values. For example, of all the senples shown in Figure ba (Fig. {7y

-1

which were sheared.at 6.5 sec ~ for the same amount of shear, the only one

that has an induction time and h_ish'fc value is the one sheared.at 135°C.

" A1l the other.sanples in Figs. lLa and &b show no t; and relstively lov f, values
* because they do not contain SIC crystals.

T It is. also of :Lnterest to note that .the SIC samples contain an .additionsl
triclinic crystal phase as indicated by the presence of the "extra" reflections
(Fig. 5). These "extra" reflections have been :Ln.dexnd to correspond to a
triclinic phase (Figure -6 ), vhich results from strain-induced crystallization
during ﬂow[al.

From SAXS studies we were able to ascertain the presence‘ of two long periods,
L, and L, (Figure 7‘[9]). L (~50-60 om) varies with shearinz conditions, ¥ and
T_, indicating that it corresponds to the SIC crystals formed at the shearing
temperature.. L, (~30 m) rmﬁ.nssessentin.ly»'mchqnseﬁ with ¥ end T,, indicating
that L, corresponds to crystals formed during TIC, i.e. during the quenching
process at low temperatures.

The decrease of Ll with Y arises from the decrease in melt entropy AS'[2] )
with increase in ¥ and can be predicted from equation 3. The slight difference
in long periods L2 (32 nm vs. 30 om) shown in Figure T is real; however the origin

of this difference is unclear at .the present time.

Melting Temperature
ilelting temperatures were obtained under equilibrium conditions using

b s o s bl an
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restrained semples in DSC. Double pesks in DSC endotherms T . (136-148°C.)
! >

and T, (131° C.) were observed for all the sheared samples with induction

. .
times. However only Tm 1 was observed for Non-SIC samples, which showed no
k]

induction time. Tm,h

and T a? again indicating that Tm p can be associaeted wita SIC crystals
9

varied while T , remained essentislly constant with ¥
L] .

_ generated during the shearing process and that Tn 1 can be associated with
t 4

themaJqu-inducedxcrystal]iﬁes_ generated during the quenching process. The
measured Tn results are shown in Figure 8, together with melting temperatures

. ,predicr.ed frateqnsticn 3. “ Magreuentitconsm:e&.tc'be qui:ﬁqmodtr

considering the predicted melting temperatures:-are.equilibrium values for

infinately large crystals vhereas the measured melting temperatures were from

erystallites of limited crystal thicknesses (<50~60 om from Fig. T).

We can conclude by saylng that although there are still numerous unresolved

questions regarding SIC, the present study has clarified several important
controversial aspects, namely, (1) the degree of orientation of SIC crystals,

(2) the magnitude of changes in crystallization rate, lorg period and melting

temperature of SIC polymer and (3) the origin of their changes. - We hope that

these aspects will become less controversial as our results become better known

and substantiated by other researchers.
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. Table 1
Parameters A; (sec™!) end Ej (Kcal/mole).
Polymer  _Mw .. Al — _EL_
Marles 6050 90,000 2.k x 107226 151 4 (51
Marlex 6050 90,000 8.3 x 107123 220
Marlex 6001 = 200,000 = 1.2 x 10724 L.k
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Figure 6. Schematic representé.tion of the indexeéd l-ray diffraction
pattern of strain-crystallized polyetaylene. Triclinic reflections are
indicated by arrows.
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ABSTRACT

The effects of shearing conditions (i.e.,' shear
temperature and shear rate) on the degree of orientation of
polyethylene Marlex 6006 and to what extent the induced
orzentatzon could be relaxed were examined in this study.

Tvo types of samples vere ptepared- namely, SIC and

non-src samples. The SIC samples show 1nduct1on times and

posscss a.hxgh degree o£ c~axxs orxentatzon along the shca:

dzrect;on._fhe.LndhcedLo:xeu:xziaurot' SICT szmpfis“ can- Ee-

relaxed to- a small exteat but.does- not reach a steady value. '

Non-sn.“ sa.mples da not show mdnct:ou- times and- thkey show--

iow degrees of c-axis orientatfon. Thgj induced orientatiom

of non~SIC .samples can be relaxed to a Sfeady state yalue
with an activation energy of 90 kiJ/mole. '

"~ Our results also indicate that when the shear‘
temperature is at and above 1§5°C, polyethylene can be
sheared up to 200X without introducing any significant

molecular orientation even at very high shear rates.
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